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ABSTRACT 
This investigation has determined the quantities of water stored as 
groundwater in the three watersheds in Utah, Logan River upstream 
from State Dam, South Fork Ogden River upstream from Huntsville, 
and Weber River upstream from Oakley. The proportion of the total 
streamflow contributed from this groundwater storage has been 
determined from past streamflow records, and the knowledge 
obtained from the analysis of groundwater contribution to stream-
flow has been utilized in developing water .supply forecasting 
techniques and pro.cedures. 
The first phase of the study dealt with theory and methods for 
separating the groundwater component from the total streamflow 
hydrograph. The method used for this separation is based upon the 
justified assumption that the effluent from groundwater is propor-
tional to the volume of groundwater in storage at anytime and is a 
modification of the procedure applied by Troxell and others (1954) 
in a study of Mill Creek watershed in California. An equation giving 
the component of groundwater flow with parameters whose magni-
tudes are determined from past flow records results from this 
separation technique. By utilizing this equation to forecast the 
groundwater contribution on a continuous basis and for forecasting 
the surface runoff and interflow components by regression equations 
similar in form to those presently adopted by The Water Supply 
Forecast Division, Weather Bureau, ESSA, a forecasting procedure 
has been developed. This procedure's forecasting accuracy has been 
studied by examining how good past forecasts might have been and 
how the accuracy of these forecasts compares with those obtained by 
the currently used procedure. A considerable improvement in the 
accuracy of past forecasts was made possible by this technique. 
Consequently a third forecasting procedure (referred to in the 
discussions as Method 3) was developed by using the equation for the 
groundwater cbntribution and regression equations for the remaining 
portion of the streamflow. The latter regression equations were based 
on data from high watershed snow courses instead of the valley 
stations used in the presently adopted ESSA method. 
By separating the groundwater component of flow from the 
remaining flow in a forecasting procedure, approximately an addi-
tional 30 percent of the unexplained squared deviations between 
observed and forecasted volume of streamflow can be accounted for. 
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INTRODUCTION 
Natural streamflow consists of surfuce runoff, shullow sub-
surface flow, and groundwater-effluent. The proportion of the total 
flow coming from each of these sources varies from stream to stre'"ll 
as well as during the year. Many perennial mountain streams, sllch us 
those in the mountain areas of Utah, are not known to have dried up 
even during extended periods of lit tIe or no precipitation; this clearly 
indicates that groundwater-effluent is a significant component of 
total streamflow. During the snowmelt period, the portion of the 
total flow originating" from groundwater storage is relatively small, 
but during the late summer and fall months of low flow, the total 
flow may come solely from this source. Consequently, one would 
expect that a water supply forecasting method, which utilizes 
knowledge concerning groundwater storage capacity directly und its 
related discharge potential, would be superior to a method which 
accounts for groundwater only in an incidental manner. Present 
forecasting methods do not attempt to separate total streamflow into 
its components and forecast each component by separate techniques. 
Rather, indices for accumulated precipitation quantities, and in some 
techniques, soil moisture, etc., have been correlated to total stream-
flow to develop present forecasting procedures. " 
The emphasis in this study, therefore, has been to develop a 
rational method for separating the contribution to total streamflow 
from groundwater, and to use the information obtained from this 
separation to develop a reasonably accurate means of estimating 
future flows originating from groundwater storage. In so doing the 
intent has been to develop forecasting methods subject to smaller 
error than those in current usage. In addition the forecasting method 
based on this approach is relatively simple, utilizing only readily 
available data. The method for separating the groundwater compo-
nent of flow, therefore, must be based upon some reasonable 
assumptions which will result in a predictive equation of relatively 
simple form. Furthermore, information gained from separating the 
groundwater contribution from the total streamflow must, in turn, 
supply information in the form of an equation to describe future 
seasonal groundwater-effluent. The total streamflow forecast results 
by adding the groundwater contribution to as good an estimate of 
direct surface runoff and interflow for the season as can be obtained 
utilizing correlation techniques. 
Using the above general philosophy as a guide, this study might 
be divided into the following parts: I. Theoretical consideration for 
developing hydrograph separation methods, 2. Separation of ground-
water-effluent from total streamflow over past historic periods, 3. 
Development of groundwater effluent equations, 4. Analyses to 
develop relationships between the remaining streamflow and precipi-
tation indices, and 5. Development of forecasting method and 
comparing the accuracy of these methods with the accuracy of 
forecasts made by currently used methods. 
Numerous methods to quantitatively evaluate the groundwater 
portion of streamflow have been used by different investigators 
(Linsley, Kohler and Paulhus, 1958; Chebotarev, 1966; Butler, 
1957). These methods have found application to particular problems 
such as separating base flow which, in many cases, includes 
groundwater-effluent and part of subsurface flow from storm runoff, 
but are inappropriate for purposes of the present study in which 
groundwater-effluent is of major interest. The method that Troxell 
and others (1954) applied on the Mill Creek watershed in the San 
Bernardino Mountains in California separates the groundwater-
effluent from the other components of streamflow. A procedure 
similar to this but modified with certain assumptions to meet the 
local conditions of the area under study was used in the present 
analyses. The procedure for separating the groundwater-effluent 
portion of total streamflow and development of forecasting methods 
has been investigated on a trial basis for the three Utah streams, 
Weber River above Oakley, South Fork Ogden River above Hunts-
ville, and Logan River above State Dam. 
THEORETICAL CONSIDERATION OF 
GROUNDWATER-EFFLUENT 
I n order to separate groundwater-effluent from total stream-
now, it is necessary to understand the groundwater-effluent char-
acteristics. Insight into these characteristics can be gained by 
studying a muthematical model of a watershed." 
Consider a control volume as shown in Figure I. The law of 
consefVution of mass, for constant water density, can be expressed 
as: 
where 
P Volume of precipitation on the basin (including 
condensation on the surface). 
Volume of evapotranspiration from the basin surface. 
Volume of surface inflow to the basin. 
Volume of surface outflow from the basin. 
Volume of lateral inflow to the control volume. 
Volume of lateral outflow from the control volume. 
Volume of upward inflow to the control volume. 
Volume of downward outflow from the control 
volume. 
Water storage (including surface storage, soil moisture 
content and groundwater storage) at the beginning of 
period. 
Water storage at the end of period. 
Difficulty arises in applying Equation I to a natural watershed 
because the storage terms S 1 and S 2 include surface storage, soil 
moisture content and groundwater storage. Soil moisture storage 
over the basin is extremely difficult to determine accurately. In order 
to overcome this difficuI ty, the control volume can be sp.lected so 
that it is confined from above by the groundwater surface as shown 
in Figure 2. Equation 1 then becomes: 
(F) -FZ)+(U1 -UZ)+(W1 -Wz)-Qg ~s g ... (2) 
Where 
Fl 
by letting 
Volume of deep percolation to the groundwater 
reservoir. 
Volume of evaporation from the groundwater sur-
face. 
Volume of water derived from groundwater storage. 
Volume of change in groundwater storage. 
Figure 1. Schematic diagram of a watershed flow system as a control 
volume. 
Figure 2. Simplified schematic diagram of a watershed flow system 
as a control volume. 
(the net recharge to the groundwater storage), Equation 2 reduces 
to: 
F-Q 
g 
.o.S 
g 
.......... (3) 
Assume the following relationship exists between the ground-
water storage S g and the outflow rate qg , 
S = K q n ............ (4) 
g g g 
in which Kg is the groundwater storage coefficient and n is a 
constant. 
By replacing the volumes by flow rates Equation 3 becomes: 
dS 
f-q =--.lL 
g dt 
. . . . . . . . . (5) 
in which f is the rate of recharge and q g is the rate of discharge 
from groundwater storage. The following oifferential equation then 
can be obtained by substituting Equation 4 into Equation 5: 
Table 1. Groundwater-effluent recession for various values of n. 
n-I 1< nq 
1-{ g 
() . . . ((,) 
Thi~ equation describe~ the rate ofgroundwater-elTluenl. 
Examination of the reces~ion part of a stre'II11llow hydrograph 
plotted with a logarithmic ordinate of discharge reveals, ill mtlny 
cases, that the slope of a recession curve decreases with time. This 
implies, in addition to the nonlinearity of the storage-discharge 
relationship, that the total watershed groumlwater storage (sec, for 
example, Chow, 1964) is some function of time. However, it is tllso 
important to notice that the streamflow in a recession period shortly 
after a storm or snowmelt includes surface and/or shallow subsurrace 
runoff in addition to the water fed by the groundwater reservoir. The 
existence and the nature of such gradually diminishing surface and/or 
shallow subsurface water in the stream is probably the most 
important factor causing the gradual decrease in the slope of 
streamflow recession curves. 
Furthermore, many recession curves at a particular station of a 
stream tend to plot as a straight line with constant slope on 
semilogarithmic paper after a certain dry period. This indicates that 
the groundwater storage coefficient, Kg , in Equation 4 is a constant . 
The values of nand K g in Equation 6, will be assumed 
constant with magnitudes dependent on the characteristics of the 
groundwa ter reservoir. Consider the situation, for example, where 
the streamflow rate on September 17 and on June 28 of the 
following year are 33.8 cfs and 22.3 cfs respectively. Assume that it 
is known that the streamflow on these two days consists of only 
groundwater-effluent and that the recharge to the groundwater 
reservoir is negligible because of the extreme dryness of the period. 
Under these assumptions, Equation 6 was solved by numerical 
methods for different values of n. In addition, the requirement was 
imposed that the flow rate on September 17 be 33.8 cfs and on the 
following June 28 be 22.3 cfs. The results of the solution are 
presented in Table 1 and indicate that the magnitude of n alters the 
value of K but the curve resulting therefrom lies very close to the 
straight lines defined by n= I. This has been verified by plots of the 
resulting data with a logarithmic ordinate of q g for each value of n. 
The recession curve from all such plots lies essentially on the same 
line with a constant slope. The value of n, therefore, can be assumed 
Time Groundwater-feed flow qg (in cfs) 
Date n=0.6 n = 0.8 n = 1.0 n= 1.2 t 
(in days) Kg =4350 days Kg = 1700 days Kg =700 days Kg =300 days 
Sept. 17 0 33.80 33.80 33.80 33.80 
18 I 33.75 33.75 33.75 33.75 
19 2 33.70 33.70 33.71 33.71 
20 3 33.64 33.65 33.66 33.66 
21 4 33.59 33.60 33.61 33.61 
22 5 33.54 33.55 33.56 33.57 
23 6 33.48 33.50 33.51 33.52 
25 8 33.38 33.40 33.42 33.43 
27 10 33.28 33.30 33.32 33.34 
29 12 33.17 33.20 33.23 33.25 
Oct. 3 16 32.97 33.00 33.04 33.06 
7 20 32.76 32.81 32.85 32.88 
11 24 32.56 32.62 32.66 32.70 
19 32 32.16 32.23 32.29 32.34 
27 40 31.77 31.85 31.92 31.98 
Nov. 4 48 31.39 31.48 31.56 31.63 
20 64 30.64 30.75 30.85 30.93 
Dec. 6 80 29.91 30.05 30.15 30.25 
22 96 29.21 29.36 29.47 29.57 
Jan. 23 128 27.87 28.04 28.15 28.26 
Feb. 24 160 26.62 26.79 26.89 27.00 
Mar. 28 192 25.44 25.60 25.69 25.78 
May 31 256 23.30 23.42 23.45 23.47 
Jun. 28 284 22.30 22.30 22.30 22.30 
2 
to be 1.0 without cllusing <lppreciable error in the groundwater-
diluent :1I1:llysis. (For surface and shallow subsurface flows whose 
recession slopl's :Ire I<lrger. this assumption may become inadequate.) 
Equation 6 thus reduces to 
dq 
--.-!L + 
dt K 
g 
(q _ f) = 0 ....... (7) 
g 
For constant recharge rate, f, the solution to this equation for 
the initial condition, q g = q 0 when t = 0, becomes: 
-t/K q = f + (q - f) e g....... (8) 
g 0 
For periods where the recharge to the groundwater reservoir are 
negligible, this equation again reduces to 
-t/K qg qo e g ........... (9) 
GROUNDWATER-EFFLUENT SEPARATION 
Deep groundwater storage is believed to be in the mantle rock 
and fractured bedrock of the drainage area. Precipitation must 
percolate through a considerable distance to recharge this deep-
seated storage. Thus certain amounts of water are required to satisfy 
the retention capacity of the overlying soil before any recharge to 
the groundwater reservoir can occur. Bailey and Copeland (1960) 
indicate in general that the retention capacity in surface soils created 
during the growing season is not satisfied until well into the 
snowmelt season for mountain watersheds in Utah. Therefore, it 
seems reasonable to assume that the recharge to deep groundwater 
storage occurs from April I through June 30. During the remainder 
of the year no appreciable recharge occurs. 
During low flow periods, except for years in which numerous 
summer storms occur, negligible quantities of water come directly 
from snowmelt or precipitation; and, therefore, it appears to be 
reasonable to 'make the additional assumption that during the low 
flow period of each year, there is at least a short period consisting 
essentially of groundwater. 
Figure 3 shows the hydrograph with a logarithmic ordinate of 
daily 'discharge for South Fork Ogden River near Huntsville, Utah, 
for the period from October 1932 to September 1935, Beginning in 
April of 1933, the daily flow rose to more than 200 cfs following 
each of several storms. However, the discharge did not reach its peak 
until heavy snowmelt in May. During subsequent dry months, the 
flow decreased gradually. 
Observation of the hydrograph reveals that while the runoff in 
the summer of 1934 was considerably less than that in the same 
period of 1933 due to the unusual dryness of the year, the summer 
flow in 1935 was significantly greater than that of 1934 because of 
the abundant precipitation in the preceding winter and spring. 
Examination of the hydrograph during the period of historic record 
reveals the existence of great similarity in the summer flow variations 
due to variation of the preceding winter and spring precipitation. If 
the fact that many mountain streams do not dry up even during 
extended periods of no precipitation or snowmelt indicates the 
existence of deep groundwater storage, the variation of summer 
flows discussed above seems to imply the importance of recharge to 
these deep groundwater storage by snowmelt. 
The flow during 1934 is the lowest contained in the 47 years of 
historic record from 1921 to 1967. Compared with other years of 
record, the recharge to the deep groundwater storage during this 
extremely dry year is negligible. Employing the assumption that 
3 
during the low flow period of each year, there is at least a short 
period for which the stream runoff consists essentially of ground-
water, the depletion curve of the groundwater-effluent can be drawn 
as line BC in Figure 3 in accordance with Equation 9. The reciprocal 
of the slope of this depletion line on the semi-logarithmic plot is the 
groundwater storage coefficient Kg of the equation. 
For years in which recharges cannot be neglected, it is assumed 
that the recharge occurs during the period from April I to June 30 as 
discussed before. Thus the depletion line can be extended in both 
directions'to point A which corresponds to June 30 and to point 0 
which corresponds to April I. The groundwater-effluent hydrograph 
for the period April I to June 30 is difficult to determine without 
knowing the recharge to the groundwater storage. However, the 
depletion curve for the following year can be determined by drawing 
a line on the semilogarithmic graph with a constant slope, I/Kg , 
from point F which corresponds to a day during which the stream 
runoff consisting essentially of groundwater-effluent. This line can be 
extended back to point E to estimate the rate of groundwater-
effluent on June 30. The average recharge rate then can be estimated 
by substituting q 0 and q 1 at point 0 and E respectively into 
another form of Equation 8: 
f 
-t/K 
ql - qo e g 
......... (10) 
1 _ e -t/Kg 
and, the groundwater-effluent rate at any instant during April I to 
June 30 can be approximated by substituting this average recharge 
rate, f, into Equation 8. 
Repeating the procedure described above, groundwater-effluent 
is separated from the total streamflow for the period of record. 
STREAM RUNOFF FORECAST METHODS 
As precipitation varies from place to place and from time to 
time, wide variations in the corresponding streamflow are experi-
enced. An accurate stream runoff forecast is extremely important in 
planning reservoir operations, crop programs, flood control, naviga-
tion, municipal and industrial water supply, and stream pollution 
control. 
Where adequate data are available and forecasts of a complete 
hydrograph are desirable, rainfall-runoff relations are, in many cases, 
used to estimate volumes of flow in the streams, while unit 
hydrograph and streamflow routing procedures are utilized to 
determine the distribution of this volume of water with respect to 
time. 
In many western states the seasonal accumulation of snow is the 
main source of streamflow and the delay between accumulation and 
melt permits advance forecasting of the volume of runoff. The Utah 
Water Supply Forecast Division of the Weather Bureau, ESSA 
(1969), forecasts annual water supply from many Utah streams by 
making use of monthly precipitation data from selected stations and 
stream runoff data covering the selected period as illustrated by 
Table 2 and Figure 4. This method is referred to as Method I in the 
following analysis. The U.S. Soil Conservation Service issues water 
supply forecasts by relating the snow water equivalent in selected 
snow courses, known streamflow during a certain period and spring 
precipitation to the streamflow of the following season. Except that 
the known streamflow term might give some indication of the 
groundwater-effluent, both of these methods do not take into ac-
count directly the effect of groundwater storage on stream runoff. 
In order to measure the improvement in forecast accuracy that 
could be obtained by taking into account the deep groundwater 
storage, a method similar to that used by the Utah Water Supply 
Forecast Division, based on correlation of precipitation and surface 
Table 2. Computation of annual water supply forecasts by Method I South Fork Ogden River near Huntsville. 
1965-66 Water Year Runoff in 1,000 Acre-Fect 
COml1utation of Precil1itation Index 
Station Sept. Oct. Nov. Dec. Jan. Feb. Mar. I\pr. May 
Wgt. Obs. Wgt. Obs. Wgt. Obs. Wgt. Obs. Wgt. Obs. Wgt. Obs. Wgt. Obs. Wgt. Obs. Wgt. Ohs. Wgt. 
Coalville 0.20 2.38 .48 .16 .03 1.66 .33 2.35 .47 .31 .06 .34 .07 .63 .13 .98 .20 .64 .13 
Laketown 0.30 2.89 .87 .03 .00 3.30 .99 1.38 .41 .58 .17 .49 .15 .40 .12 .68 .20 .62 .19 
Morgan 0.05 2.38 .12 .15 .00 2.92 .15 1.88 .09 .55 .03 1.43 .07 .82 .04 1.28 .06 Ul2 .09 
Ogden Pioneer PH 0.05 2.50 .13 .31 .02 3.39 .17 2.34 .12 .60 .03 1.92 .10 .79 .04 .89 .04 2.24 .11 
Pine View Dam 0.20 2.88 .58 .51 .10 5.97 1.19 2.71 .54 1.07 .21 2.49 .50 1.25 .25 1.50 .30 2.56 .51 
Silver Lake 0.20 4.94 .99 .00 .00 8.81 1.76 5.99 1.20 2.61 .52 3.30 .66 3.01 .60 2.52 .50 1.99 .40 
:: 1.00 3.15 .17 4.59 2.83 1.03 1.54 1.18 1.31---1.43 
Monthly Weight 
Monthly Index 
Cumulative Index 1 
Balance 2 
SPI 3 
Forecast Runoff 4 
Ilnc\udes 1.85 (qa)(O.OI) 
0.05 
0.16 
1.17 
2.13 
3.30 
103 
Computation of Forecasts (as of 1st of the following month) 
0.08 0.10 0.13 0.14 0.15 
0.02 0.46 0.37 0.14 0.23 
1.19 1.65 2.02 2.16 2.39 
1.99 1.78 1.50 1.15 0.77 
3.18 3.43 3.52 3.31 3.16 
92 114 123 103 90 
Where qa is the average flow rate of the preceding September, in cfs. 
2 A statistical data for balance of year 
3 SPI = Cumulative Index + Balance 
40btained from Figure 4 for the respective SPI 
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and shallow subsurface runoff but with the groundwater component 
of flow expressed as a separate term, was developed as follows: 
1. The precipitation data of the same stations and in the same 
periods as those selected in Method I were used. 
2. The same station weighting factors as that in Method I were 
used and the weighted monthly precipitation were calculated. 
3. The volume of annual groundwater carried over from the 
previous water year, Qc' in acre-feet was calculated by substituting 
the groundwater-effluent rate qo' in cfs on the first day of the water 
year into equation: 
Q = 1. 98 K q (1 _ e -t/Kg ) 
c g 0 
...... (II) 
in which Kg is the groundwater storage coefficient in days and t is 
the number of days of the water year. 
4. That volume in excess of the carried-over groundwater was 
determined by subtracting the carried-over volume, Qc, from the 
total annual volume of runoff. This resultant is referred to as the 
volume of annual excess runoff. 
5. By multiple regression analysis, the best fit relationship 
between the annual excess runoff, in inches of water over the 
respective watersheds to the following two variables, was deter-
mined: (a) the weighted monthly precipitation, in inches, (b) the 
preceding excess runoff which is the difference between the total 
volume and the carried-over groundwater for the period from the 
first day of the water year to the day immediately before forecast, 
also expressed in inches of water over the watershed, was deter-
mined. The resulting equation changes from month to month 
depending on the data available at the time of forecasting. 
6. The volume of stream runoff for any particular year then 
can be forecasted by: 
(a) Substituting the weighted monthly precipitation, in 
inches, and preceding excess runoff in inches of water over the 
watershed, into the resulting equation for the annual excess runoff, 
in inches of water over the watershed. 
(b) Substituting ~, which can generally be estimated by 
observing the daily streamflow hydrograph available at the time of 
forecasting, into Equation II for the volume of carried-over 
groundwater Qc ' 
(c) Multiplying the resulting depth of annual excess runoff 
from (a) by the conversion factor 53.33 (A), in which A is the 
drainage area in square miles to give the excess runoff in acre-feet 
and adding to Q c' 
This method will be referred to as Method 2 in the following 
analysis. 
The main difference between Method I and Method 2 is as 
follows: 
Method I is based on the correlation between the volume of 
total streamflow and precipitation. In Method 2, the total volume of 
streamflow is separated into two parts, the volume of surface and 
shallow subsurface flow as one part and the volume of groundwater-
effluent as the other. The first component (surface and subsurface) is 
correlated to precipitation and the second component is computed 
from Equation II. 
Both Method I and Method 2 make use of monthly precipita-
tion records to forecast annual stream runoff. However, precipitation 
stations which give monthly data are often not available in many 
high altitude mountain areas, and forecasts are often made on the 
basis of data from stations in the lower valleys where the 
precipitation characteristics are, in general, considerably different 
from those of the mountain areas. As snow course data for many 
mountain regions have become available in recent years, it is natural 
to use these data instead of precipitation records in the lower valley 
for improved forecasting accuracy. A new method which forecasts 
the volume of seasonal flow is thus constructed as follows: 
I. Similar to that in the case of Method 2, the volume of 
groundwater that is carried over from the previous year is separated 
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from the volume of total stream runoff for each month. The 
remainder, which is the volume of ,stream runoff in excess of the 
carried-over groundwater, is accumulated for the periods from the 
preceding October to the month immediately before forecast and 
from the month of forecast to the following September. These 
cumulative volumes of flow are designated by the volume of 
preceding excess runoff and the volume of succeeding excess runoff 
respectively. 
2. For each watershed under consideration, several snow courses 
which give snow depth data and their water equivalent are selected. 
3. The cumulative average degree-month above 32°F for each 
watershed over a particular time period (i = I to n month) is esti-
mated by the following equation: 
n 
X = ~ (T. - 3.0 aE - 32.0) ...... {12) 
i= 1 1 
in which X is the cumulative degree-month, T i is the monthly 
average temperature in OF at the selected station, .0. E is the 
difference between the average watershed elevation and the elevation 
of the selected temperature station in 1,000 feet, and n is the 
number of months from the preceding October to the month 
immediately before forecast. This cumulative degree-month of the 
watershed is related to the cumulative snowmelt and evapotranspira-
tion which in turn influences the stream runoff. 
4. The succeeding excess runoff, in inches of water over the 
respective watershed, is correlated by multiple regression and 
correlation analysis to water equivalents, in inches, of snow cover at 
selected stations, the cumulative degree-months of the watershed and 
the preceding excess runoff, in inches of water over the watershed. 
The term of preceding excess runoff is included because it is believed 
to reflect, in addition to the meteorological influences, the integrated 
effect of basin geology and topography. 
5. The volume of streamflow for the period from the time of 
forecast to the end of succeeding September is forecasted by: 
(a) Substituting the water equivalents of snow depths, 
degree-month and depth of preceding excess runoff in the regression 
equa tion from 4 for the depth of succeeding excess runoff. 
(b) Computing the volume of carried-over groundwater, in 
acre-feet, during the period of forecast by: 
-t/K Q = 1. 98 K q (1 - e g) ...... (13) 
se g 0 
in which Kg is as defined before, qo is the rate of the carried-over 
groundwater-effluent, in cfs, and t is the number of days from the 
time of forecast to the end of the water year. 
(c) Multipling the resulting depth of succeeding excess 
runoff from (a) by the conversion factor 53.33 (A), in which A is as 
defined before, and adding to Qsc . 
This method is referred to as Method 3. 
The main difference between Method 2 and Method 3 is that 
Method 2 uses precipitation data from lower valleys while Method 3 
uses snow courses data and temperature data from higher mountain 
areas. 
RESULTS 
The Logan River above State Dam, the Weber River above 
Oakley, and the South Fork Ogden River above Huntsville, all in 
Utah, were selected for study because good streamflow records and 
precipitation data were available. 
The importance of groundwater-effluent 
on total streamflow 
The results of flow separation based on the procedure, devel-
oped in section "Groundwater-effluent Separation" shows that for 
each basin under consideration, monthly groundwater-effluent con-
tributes from 5 to more than 90 percent of the corresponding total 
streamflow depending on the month and the year. Table 3 and 
Figure 5 summarize the results of this separation and indicate the 
importance of groundwater-effluent on total streamflow. The values 
of K vary among the three basins under consideration. However, 
mostgof this variation is attributed to the size of the watersheds. The 
values of K. per square mile of surface catchment are 5.27, 3.93 
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and 4.73 days for the respective areas. No great variation is observed 
in these values of K g per unit area. 
The ratios of the annual volume of groundwater and the annual 
volume of stream runoff are 0.445, 0.246 and 0.316 for Logan River, 
Weber River and South Fork Ogden River basins respectively. The 
variation of this ratio is quite similar to that of K g per unit area. 
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Figure 5. Average percentage of total streamflow which originates from deep groundwater storage throughout the water year. 
Table 3. Average monthly stream runoff and groundwater-effluent. 
Average monthly and annual flow (acre-feet) 
Gaging Drainage Storage Item 
Station Area (mi2) Coef. Kg 
(days) Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Annual 
Logan R. 218 1150 Q 9310 8076 7558 7057 6314 7453 15749 36709 35929 19489 12979 10328 176951 
above Qg 6827 6433 6475 6302 5595 5986 5982 6722 7013 7401 7205 6789 78731 
State Dam r .733 .797 .857 .893 .886 .803 .380 .183 .195 .380 .555 .657 .445 
Weber R. 163 640 Q 4477 3916 3528 3275 3031 3784 10132 42709 49781 13450 6342 4467 148892 
Near Qg 3210 2962 29\1 2780 2414 2534 2623 3170 3493 3728 3552 3273 36650 
Oakley r .717 .756 .825 .849 .796 .67 .259 .074 .070 .277 .560 .733 .246 
S.F. Ogden 148 700 Q 2441 2392 2568 2503 256~ 4813 16464 24732 8187 3354 2524 2275 74820 
R. Near Qg 2071 1919 1899 1816 1586 1669 1713 2039 2224 2368 2265 2099 23667 
Huntsville r .848 .802 .739 .725 .618 .347 .104 .082 .272 .706 .897 • .923 .316 
Where Q = Volume of total stream runoff 
Qg = Volume of water derived from groundwater storage, and 
r= Qg/Q 
The periods of record used in analysis were: 1928 to 1967 for Logan R., 1919 to 1967 for Weber R., and 
1924 to 1965 for S.F. Ogden R. 
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Figure 5 shows the variatioll of (he ratio r (expresscd as a 
percent) of ~lVerage mOllthly groundwater-diluent to average total 
monthly strcamllow, with time, During winter months, these ratios 
arc high because of the precipitation occurs as snow which does not 
contribute to stremnllow until the snowmelt scason in the spring. 
During spring time, snowmelt occurs and 80 to 90 percent of 
strcamtlow is supplied by surface lind shallow subsurface runofr. In 
the period from July to Septembcr, when water requiremcnts arc 
gcncrully high, the groundwater-cfllucnt contributes an important 
part, morc than 60 percent, of the total streumflow. For thc South 
Fork Ogden River basin, the contribution of groundwatcr-efTluent 
during this period exceeds 80 percent of the total streamflow 
because the snow melts earlier in this lower elevation watershed. 
Variation of deep-groundwater storage 
available for feeding stream 
With the groundwater-efiluent rate, q ,known at any instant 
of time, the groundwater storage available ror feeding the stream at 
thut time can be estimated by substituting q g into Equation 4. 
Table 4. Deep-groundwater storage on October 1 of each year. 
Logan R. above 
State Dam 
Water 1,000 
Year inches* acre-ft inches* 
1928 25.45 296.0 9.54 
1929 24.28 282.3 8.60 
1930 23.48 273.2 8.45 
1931 21.22 246.6 7.14 
1932 16.47 191.3 5.10 
1933 21.13 245.9 7.21 
1934 21.60 251.2 6.55 
1935 16.26 189.0 3.72 
1936 17.99 219.3 6.70 
1937 23.32 271.6 7.57 
1938 23.32 271.6 7.72 
1939 21.95 255.0 7.85 
1940 20.61 239.8 6.27 
1941 17.63 204.9 6.11 
1942 16.84 195.8 8.30 
1943 17.21 200.4 7.54 
1944 20.42 237.5 7.58 
1945 20.42 237.5 8.82 
1946 22.31 259.6 8.45 
1947 24.69 286.9 8.45 
1948 23.12 268.7 9.04 
1949 23.70 275.5 7.31 
1950 23.88 277.8 8.76 
1951 27.61 321.1 8.74 
1952 27.42 318.8 8.01 
1953 25.92 301.7 8.45 
1954 24.00 278.7 7.72 
1955 20.07 233.4 7.14 
1956 20.51 248.2 7.42 
1957 24.00 278.9 7.29 
1958 24.30 282.3 7.72 
1959 23.31 271.0 6.77 
1960 21.06 244.8 6.55 
1961 20.00 232.3 5.90 
1962 17.60 204.3 5.65 
1963 21.94 255.0 6.99 
1964 20.92 243.6 6.78 
1965 23.88 277.8 7.60 
1966 26.80 311.9 9.91 
1967 22.73 264.1 8.73. 
Mean 22.03 7.50 
* Average over the surface drainage area. 
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Table 4 shows estimates of deep-groundwater storage on October 1 
of each year for the basins under consideration. The amounts given 
should be considered only in terms of their relative magnitude, and 
not necessarily best estimates of actual water quantities in .I!found-
water storage. A change of n in Equation 4 has a considerable effect 
on the magnitude of Kg and consequently also on the computed 
groundwater storage. The mean storages on October I were 22.0,7.5 
and 6.0 inches over the respective watershed Logan River, Weber 
River, and South Fork Ogden River. The large storage capacity for 
the Logan River watershed is accompanied by larger recharge to 
groundwater. 
The variation of deep-groundwater storage with time is a 
function of removal from and recharge to the storage. Table 4 shows 
that even after an extended dry period, for each of the basins under 
consideration, there is sufficient water in storage to maintain the 
streamllow at late summer levels. Even for the driest year of record, 
1934, the storage amounts indicated in Table 4 are sufficient to 
cover the watershed of Logan River, Weber River, and South Fork 
Ogden River to depths of respectively 12.3,3.7, and 3.5 inches. 
Weber R. above S.F. Ogden R. 
Oakley above Huntsville 
1,000 1,000 
acre-ft inches* acre-ft 
83.0 7.54 59.6 
74.8 7.10 56.1 
73.5 7.09 56,0 
62.1 5.68 44.9 
44.4 4.30 34.0 
62.7 5.58 44.1 
57.0 5.81 45.9 
32.3 3.51 27.7 
58.3 4.42 34.9 
65.9 6.50 51.3 
67.2 5.97 47.1 
68.4 5.97 47.1 
54.5 4.91 38.8 
53.2 4.30 34.0 
72.2 4.65 36.7 
65.6 5.04 39.8 
65.9 6.30 49.8 
76.7 6.24 49.3 
73.5 7.01 55.4 
73.5 7.05 55.7 
78.6 6.63 52.4 
63.6 6.40 51.3 
76.3 7.15 56.5 
76.0 8.24 65.1 
69.7 7.82 61.8 
73.5 8.77 69.3 
67.2 7.20 56.8 
62.1 5.70 45.0 
64.6 5.50 43.5 
63.4 6.45 51.0 
67.2 6.68 52.7 
58.9 6.14 48.5 
57.0 5.09 40.2 
51.3 5.08 40.1 
49.2 3.68 29.1 
60.8 3.68 29.1 
59.0 5.28 41.7 
66.1 6.41 50.6 
86.2 
76.0 
5.97 
i 
! 
Annual recharge to deep-groundwater reservoir. 
; The average rate of recharge to the deep-groundwater reservoir, 
f, during the period of recharge, April through June, can be 
determined by substituting the groundwater-effluent rates q 0 on 
April I and q 1 on June 30 into Equation 10. Table 5 shows the 
,; annual recharge volume obtained by integrating f over the period of 
recharge for the three basins under study. During the period of 
historic record, the annual recharge to the deep-groundwater 
reservoir changes from a negligible amount to a maximum of 11.5, 
7.0 and 5.6 inches over the respective watershed. The major factors 
affecting recharge to groundwater are precipitation, soil moisture 
deficiencies, topography and geology. Of the three basins under 
consideration, the Logan River and the Weber River basins have 
similar amounts of average annual precipitation, 32 inches. Yet the 
average annual recharge to deep-groundwater in the Logan River bas-
in is nearly twice that in the Weber River basin. Over a long period 
the effect of soil moisture variation becomes insignificant. Therefore, 
the variation in the average annual recharges to groundwater in the 
particular basins under consideration is mostly attributable to the 
difference in the gllology and topography of the basins. To examine 
Table S. Recharge to the deep-groundwater storage. 
Logan R. above 
State Dam 
Water 1,000 
Year inches"' acre-ft inches* 
1928 6.51 75.7 3.99 
1929 6.58 76.5 4.46 
1930 4.63 53.8 2.94 
1931 1.14 13.3 1.32 
1932 10.38 120.6 5.39 
1933 7.01 81.5 3.08 
1934 0.00 0.0 0.00 
1935 7.94 92.3 5.72 
1936 10.90 126.7 4.72 
1937 7.18 83.5 4.28 
1938 7.78 90.4 4.35 
1939 3.65 42.4 2.26 
1940 2.97 34.5 3.21 
1941 4.53 52.7 6.02 
1942 5.62 65.3 3.55 
1943 8.90 103.5 4.11 
1944 6.29 73.1 5.64 
1945 8.42 97.9 4.31 
1946 9.51 110.6 4.57 
1947 5.81 67.6 5.29 
1948 7.78 90.5 2.75 
1949 7.50 87.2 5.76 
1950 11.54 134.2 4.70 
1951 8.26 96.1 3.82 
1952 6.78 78.9 4.88 
1953 5.74 66.7 3.66 
1954 2.96 34.4 3.45 
1955 7.61 88.4 4.22 
1956 9.56 111.2 3.84 
1957 7.70 89.6 4.48 
1958 6.35 73.9 3.00 
1959 4.62 53.7 3.39 
1960 5.27 61.2 2.74 
1961 3.39 39.5 2.88 
1962 10.35 120.3 4.72 
1963 5.54 64.5 3.53 
1964 9.84 114.4 4.69 
1965 10.66 123.9 6.97 
1966 3.60 41.8 3.90 
1967 10.08 117.2 6.35 
Mean 6.77 4.10 
"'Average over the surface drainage area. 
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the relationship between the recharge to the deep-groundwater and 
its causative factors, regression and correlation analyses were utilized 
to obtain the best relationship to fit the historic data. 
There are a number of snow courses located within or near the 
basins under study. Most of these stations give several readings of 
snow depth and its water content each year. Snow survey data on or 
near April I are most complete and cover the longest period. Since 
recharges to the deep-groundwater in the basins are assumed to take 
place during the heavy snowmelt period from April through June, 
the snow cover data at the selected station on April I are considered 
as an appropriate factor to measure the amount of snow available at 
the begimring of recharge. In addition to the depth of snow water 
content on April I, the inclusion of precipitation during the recharge 
period is necessary. Unfortunately, insufficient precipitation records 
exist from stations located within the mountain areas under study 
during this period. Therefore, stations in, the lower valley were 
selected and the weighted precipitation amounts during April, May, 
and June were calculated. Table 6 shows the weighting factor used in 
this calculation for each station selected. These weighting factors are 
Weber R. above S.P. Ogden R. 
Oakley above Huntsville 
1,000 1,000 
acre-ft inches"' acre-ft 
34.7 3.22 25.4 
38.8 3.50 27.7 
25.5 1.80 14.2 
11.5 1.13 8.9 
46.8 3.70 29.2 
26.8 3.05 24.0 
0.0 0.00 0.0 
49.7 2.83 22.4 
41.0 4.74 37.4 
37.2 2.58 20.4 
37.9 2.96 23.4 
19.6 1.67 13.2 
27.9 1.69 13.4 
52.4 2.56 20.2 
30.8 2.78 21.9 
35.8 4.04 31.9 
49.1 3.07 24.2 
37.5 4.04 31.9 
39.7 3.52 27.8 
46.0 2.99 23.6 
23.9 3.13 24.7 
50.1 4.03 31.8 
40.9 4.88 38.5 
33.2 3.58 28.2 
42.4 5.05 39.8 
31.8 2.42 19.1 
30.0 1.75 13.8 
36.7 2.59 20.5 
33.4 3.89 30.8 
38.9 3.46 27.3 
26.0 2.67 21.0 
29.5 1.76 13.9 
23.8 2.51 19.8 
25.0 0.82 6.5 
41.0 1.83 14.4 
30.7 3.78 29.8 
40.8 4.00 31.5 
60.6 5.64 44.5 
33.9 
SS.2 
2.99 
----------- -------~.- - -_. ----~~----~------ --~---
those adopted by the Utah Water Supply Forecast Division of 
Weather Bureau, ESSA, in its annual water supply forecasts. 
Temperature affects snowmelt and evapotranspiration which in 
turn influence the recharge to the groundwater reservoir. Therefore, 
the degree-months above 320 F were calculated by Equation 12 for 
each basin and included in the analysis. 
A term of antecedent runoff in inches of water over the 
respective watersheds, in excess of carried-over groundwater, also in 
inches of water over the watershed, is included in the regression 
study, because it is believed to reflect the integrated effect of 
precipitation, topography and other factors. 
Let: F denote the volume of annual recharge to the deep-
groundwater reservoir in inches of water over the watershed; 
XI denote the water equivalent, in inches, of the snow cover at 
Franklin Basin for the Logan River basin, at Smith and Morehouse 
for the Weber River basin, and at Dry Bread Pond for the South Fork 
Ogden River basin on April I; X2 denote this water equivalent at 
Tony Grove for the Logan River basin and at Trial Lake for the 
Weber basin; X3 denote that at Garden City Summit for the Logan 
River basin; X4 ' Xs and X6 denote the weighted April, May, and 
June precipitation, in inches respectively (these volumes of weighted 
precipitation are computed using the weighting factor in Table 6); 
X 7 denote the October through June cumulative degree-months of 
the basin; and X denote the October through June excess runoff, 
in inches over tte watershed. The following equation has been 
obtained as the result of the regression and correlation analysis: 
8 
F = a + i~ 1 b i Xi ......... (14) 
Table 6. Weighting factors for the selected precipitation stations. 
Precip. 
station 
City Creek W.P. 
Coalville 
Heber 
Laketown 
Logan, USU 
Moon Lake 
Morgan 
Mountain Dell Dam 
Ogden Pioneer PH 
Pine View Dam 
Richmond 
Silver Lake 
Snake Creek PH 
Montpelier R.S. Ida. 
Border 3 N. Wyo. 
Logan R. 
above 
State Dam 
0.40 
0.05 
0.1 0 
0.20 
0.20 
0.05 
Watershed 
Weber R. S.F. Ogden 
above R. above 
Oakley Huntsville 
0.10 
0.20 0.20 
0.05 
0.30 
0.05 
0.20 0.05 
0.05 
0.05 
0.20 
0.05 0.20 
0.30 
in which the magnitudes of regression coefficients arc given in Tahle 
7. 
To investigate the correlation between the annual recharge anu 
the variables given above, an analysis of variances was maue (see 
Table 8). The multiple correlation coefficients of the regression 
equations are also shown in this table. On the basis of an a risk or 
0.05, the regression equations are all significant_ The values of 
R 2 indicate what portion of the sum of original squared ueviations 
about the mean is accounted for by the selected variables. In oruer to 
ascertain the importance of the individual variable in the regression 
equation, different combinations of the variables were studieu. This 
study indicated that the October through June excess runoff term 
X 8 accounts for more of the original variation than any other single 
variable. 
The influence of deep-groundwater storage on 
the accuracy of annual water supply forecasts 
In order to measure the improvement in forecast accuracy that 
could be expected by taking into account the deep-groundwater 
storage, Method 2 discussed in section "Stream runoff forecast 
methods" constructed using the following equation. 
Q 55. 33(A)[a + ~ b.X. + C1 (f X.)2 + C2X:] 
i=1 l l i= 1 l 
+ 1.98 Kgqo (1 _ e -t/Kg) ..... (15) 
in which Q is the forecast of annual runoff in acre-feet, A is the 
drainage area in square miles, X I through X 7 are the weighted 
October through April precipitation in inches, X g is the antecedent 
excess runoff at the time of forecast, K is the groundwater storage 
coefficient as defined before, q 0 is thegrate of groundwater-~ffluent 
at the beginning of the water year, in cfs, t is the number of days in 
the water year and the regression coefficients are given in Table 9. 
The annual water supplies forecast for the period from 1919 to 
1967 were determined by both Method I and Method 2, and their 
deviations from the observed runoff were compared. Table 10 shows 
such a detailed comparison for the Logan River basin. A summary of 
the comparisons for the three basins under study is given as Table II. 
A comparison of the mean deviations of the two methods 
reveals that Method 2 gives better forecasting accuracy than Method 
1. Neither Method I nor Method 2 gives reliable forecasts on January 
I. This low reliability is due to limited data regarding the eventual 
total annual precipitation. As more data become available for fore-
casts on later dates, better forecasts are seen in both methods. How-
ever, the consistently smaller mean deviations of Method 2 than 
those from Method I indicate that Method 2 gives better forecasts. 
The average mean deviation of forecast on May I by Method 2 is 
only about two thirds of that of Method I. 
The correlation coefficient, R, in Table II is a measure of the 
agreement between the observed and the forecast runoff. For 
Table 7. The regression coefficients for annual recharge vs. precipitation, degree-month and excess runoff relationship. 
Watershed a b l b2 b3 b4 bs b6 b7 bg 
Logan R. above 1.9215 -0.0232 0.1518 -0.0286 0.4733 0.6445 0.2548 -0.0626 0.6789 
S.ale Darn 
Weber R. above 0.5719 0.0354 0.0238 0.1873 0.4012 0.3815 0.0079 0.0659 
Oakley 
S.F. Ogden R. 0.7536 0.0188 0.0963 -0.0344 0.3408 -0.0132 0.3090 
above Huntsville 
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Method I. the average value of R ranges from 0.34 for forecasts on 
Jmumy I to 0.66 for forecast on May I. While for Method 2, R 
ntnges from 0.41 to 0.85. Correlation index. R2, measures that 
portion of the corrected sum of squares accounted for by the 
regression equation. Consider the forecasts on May I for example, 
Method I explains 44 percent of the sum of squared deviations while 
Method 2 explains 72 percent. Thus, nearly half of the unexplained 
corrected sum of squared deviation from Method I is accounted for 
by including the groundwater-effluent term in the method. 
Another comparison of the methods is shown in Figures 6 
through 8. In these fIgures, the errors in percent of the observed 
runoff are plotted on abscissa and the percentages of forecasts having 
less than a particular error on the ordinate. Only the data for 
forecasts on May I are shown. The area above each curve and under 
the ordinate of 100 percent indicates the accuracy of the respective 
method. Smaller areas denote better accuracy. The area between the 
two curves in each fIgure is a measure of the improvement in forecast 
accuracy that could be obtained by taking deep-groundwater storage 
into consideration. Areas above the curves are as follows: 
Method I Method 2 Difference 
Logan River above 
State Dam 386 271 liS 
Weber River above 
Oakley 328 252 76 
South Fork Ogden River 
/Ibove Huntsville 571 401 170 
Seasonal water supply forecast 
For each of the three basins under consideration, the annual 
water supply forecasts have been made on the basis of precipitation 
records at the stations in the lower valley. Some snow course data at 
stations located inside the mountain areas under investigation have 
become available in recent years. These data. represent the precipita-
tion on basins better than the valley precipitation. Therefore, a 
method which makes use of snow course data rather than the 
precipitation records of the lower valley has been developed by the 
Table 8. The analysis of variance for annual recharge vs. precipitation, degree-month and excess runoff relationship. 
Watershed Source of Degree of Sum of Mean F-Ratio R 
Variance Freedom Square Square 
LoganR. Total 34 277.144 8.1507 
above State 
Dam Model 8 228.688 28.5836 15.35 0.91 
Error 26 48.456 1.8637 
Weber R. Total 30 37.749 1.2583 
above 
Oakley Model 7 20.915 2.9878 4.10 0.76 
Error 23 16.834 0.7319 
S.F. Ogden Total 27 37.358 1.3837 
R. above 
Huntsville Model 6 33.782 5.6303 33.03 0.95 
Error 21 3.576 0.1703 
Table 9. The regression coefficients for annual water supply forecasts. Method 2. 
Forecast 
Watershed on a b l b2 b3 b4 bs b6 b7 bg c, c2 
Logan R. Jan. I 4.203 0.789 1.353 2.093 -3.546 -0.041 7.158 
above State Feb. I -0.586 1.423 2.703 1.523 3.553 -4.017 -0.078 5.769 
Dam Mar. I -3.293 1.372 2.515 1.248 2.825 1.928 0.691 -0.045 2.445 
Apr. 1 -0.345 -0.529 0.482 0.159 1.180 0.382 1.478 -1.364 0.061 2.967 
May 1 0.010 -1.562 0.020 -0.993 0.191 -0.901 0.237 -0.389 4.457 0.090 -0.736 
Weber R. Jan. I 8.025 -0.052 -0.839 0.914 8.833 0.102 -10.572 
above Feb. I -2.550 2.043 1.383 2.169 2.513 14.439 -0.047 -12.399 
Oakley Mar. I -2.408 1.414 0.644 1.601 1.561 0.939 12.572 -0.001 -8.856 
Apr. I -7.320 1.672 1.287 2.396 2.429 1.682 2.749 -4.623 -0.032 6.726 
May I -3.333 0.345 0.043 1.037 0.980 0.412 0.976 1.495 2.073 0.Ql5 -0.279 
S.F. Ogden R. Jan. I 4.035 -0.579 0.446 0.793 -1.615 0.049 -8.091 
above Feb. I -3.158 0.606 1.667 0.766 1.990 5.141 -0.016 -7.142 
Huntsville Mar. I -5.272 0.704 1.607 0.663 1.965 0.539 9.782 -0.014 -7.537 
Apr. I -3.226 -0.442 0.345 -0.186 0.872 -0.313 0.803 7.575 0.Ql8 -2.358 
May I -2.143 -0.564 -0.188 -0.259 0.301 -0.273 0.595 0.328 2.824 0.012 -0.191 
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procedure discussed in section "Stream runoff forecast methods" in in which Q is the forecast, in acre-reet, or strelll11 runofr during I.he 
an attempt to obtain better forecasts. Several transformations of the period from the day of forecast to the end or the wllter yellr; A is the 
independent variables were used in the regression analysis to fit the drainage areu in square miles; X I ' X "lIld X) arc the water 
data as welI as possible. The best fit occurred when a quadratic term contents, in inches, of the snow cover at rranklin Hlisin, Tony (;rove, 
was included for each independent variable. Unfortunately, the and Gurden City Summit for thc Logan River hasin, at Chalk Creek 
number of years with data available are so limited that the degree of No. I, Smith and Morehouse and Trial Lake ror the Weher River 
freedom sacrificed by adding the quadratic terms reduces the basin, and at Beaver Creek-Skunk Creek, Sagehrush Flat, and Dry 
statistical significance of the method greatly. Consequently a linear Bread Pond for the South Fork Ogden River hasin, respectively, on 
relationship was selected as best, until additional years of data (or immediately berore) the day of forecast; X4 is the cumulative 
become available. In the future, some modification of the method by degre(,~months ror the hasin for the period rrom the heginning or the 
adding appropriate non-linear terms may be desirable. water year to the time of forecast; X 5 is the excess runorf, in inches 
of water, ror the same period as ahove; q () is the rate or the 
The resulting seasonal flow forecast method, which will be carried-over groundwater-crnucnt in crs, at the time of forecast; tis 
referred to as Method 3 in subsequent discussion, is given as follows: the number of days from the timc of forecast to the end of the water 
year, and the regression coefficients arc as indicated in Table 12. 
5 -t/K Comparisons between the forecast volumes and the ohserved Q 53.33(A) (a+ ~ b.X.)+1.98K q (l-e . g).(l6) 
i=l L L g 0 volumes were made for each of the basins under consideration and an 
Table 10. Comparison of annual water supply forecasts by Method 1 and Method 2, Logan River above State Dam. 
(in 1,000 acre-feet) 
Observed Method 1 Method 2 
Year annual Forecast on Forecast on 
discharge Jan. 1 Feb. 1 Mar. I Apr. I May 1 Jan. I Feb. I Mar. I Apr. I May I 
1928 206.7 191.0 171.0 150.0 171.0 157.0 200.7 181.5 179.0 201.6 188.3 
1929 189.0 185.0 200.0 197.0 213.0 217.0 182.7 208.9 208.9 214.3 213.0 
1930 151.9 155.0 164.0 159.0 147.0 143.0 153.6 163.4 163.9 145.9 156.5 
1931 99.3 145.0 124.0 103.0 100.0 86.0 140.2 110.3 98.1 97.8 89.9 
1932 221.7 146.0 157.0 159.0 178.0 179.0 155.0 169.1 155.5 178.9 181.4 
1933 177.4 175.0 183.0 165.0 143.0 143.0 188.7 189.0 179.0 156.4 171.5 
1934 97.5 152.0 137.0 139.0 126.0 109.0 156.6 110.8 116.3 117.8 117.5 
1935 148.1 144.0 135.0 124.0 117.0 130.0 155.1 152.0 134.2 121.6 139.9 
1936 241.3 143.0 176.0 244.0 255.0 238.0 139.5 193.2 215.0 227.3 227.0 
1937 171.8 182.0 187.0 207.0 198.0 212.0 181.1 177.4 192.0 175.9 173.1 
1938 197.1 185.0 173.0 162.0 214.0 213.0 187.2 167.2 163.7 213.8 224.2 
1939 143.7 180.0 179.0 173.0 151.0 139.0 177.3 177.8 176.1 144.9 152.1 
1940 119.7 127.0 141.0 146.0 145.0 141.0 130.7 149.2 143.0 145.3 131.4 
1941 103.9 161.0 150.0 151.0 145.0 157.0 161.8 142.0 138.3 131.0 123.1 
1942 126.6 178.0 182.0 179.0 159.0 160.0 174.8 173.0 170.8 147.5 153.1 
1943 216.3 181.0 191.0 179.0 188.0 182.0 173.8 195.2 191.4 197.4 221.1 
1944 147.4 166.0 156.0 138.0 152.0 177.0 169.7 148.9 147.0 154.3 161.2 
1945 165.5 154.0 133.0 143.0 144.0 133.0 158.3 128.3 137.8 139.0 120.5 
1946 225.7 225.0 206.0 188.0 215.0 203.0 232.3 218.6 220.7 246.1 228.2 
1947 182.1 217.0 204.0 179.0 178.0 184.0 205.2 182.2 184.0 176.1 178.3 
1948 203.0 168.0 159.0 154.0 155.0 177.0 164.8 159.0 160.3 150.3 176.8 
1949 192.3 197.0 208.0 201.0 190.0 171.0 199.5 209.0 208.5 194.5 193.3 
1950 274.3 207.0 265.0 242.0 257.0 247.0 196.4 245.2 243.6 267.3 258.2 
1951 249.1 228.0 237.0 239.0 232.0 251.0 241.0 251.0 259.0 248.2 254.2 
1952 232.6 215.0 226.0 230.0 245.0 227.0 216.5 222.8 227.7 233.6 230.4 
1953 182.0 160.0 189.0 194.0 179.0 188.0 166.1 203.6 196.0 189.6 196.4 
1954 141.7 157.0 166.0 147.0 162.0 141.0 160.2 170.0 153.3 172.6 165.2 
1955 144.1 162.0 183.0 201.0 187.0 179.0 164.8 196.6 194.1 178.7 154.9 
1956 211.5 213.0 244.0 223.0 185.0 170.0 219.0 230.6 227.8 209.0 203.2 
1957 197.2 167.0 168.0 165.0 170.0 189.0 173.7 158.9 156.4 165.7 179.9 
1958 196.0 184.0 179.0 190.0 204.0 180.0 187.8 175.9 186.6 195.8 182.7 
1959 155.3 181.0 172.0 170.0 160.0 163.0 182.1 175.3 174.7 159.6 163.4 
1960 150.8 139.0 142.0 158.0 162.0 152.0 139.1 133.8 148.4 159.6 160.1 
1961 107.0 168.0 141.0 136.0 134.0 116.0 159.5 135.6 141.5 125.4 109.8 
1962 182.5 156.0 152.0 177.0 188.0 189.0 159.6 149.2 160.3 171.7 193.0 
1963 157.6 150.0 151.0 152.0 147.0 174.0 144.9 144.6 154.6 146.5 164.9 
1964 170.9 175.0 173.0 148.0 147.0 151.0 163.1 172.3 157.7 151.J 151.9 
1965 241.9 252.0 279.0 272.0 234.0 235.0 249.5 229.1 233.7 230.3 239.2 
1966 165.1 237.0 217.0 204.0 187.0 171.0 213.8 193.6 192.4 172.5 186.4 
1967 201.2 160.0 163.0 149.0 169.0 198.0 171.5 167.1 149.3 175.5 187.7 
27.1 25.7 23.9 20.3 20.3 26.4 23.6 21.8 15.7 13.6 
Mean deviation 
between observed 
and forecast 
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Figure 8. Accumulative frequency distribution of error in annual water supply forecast, South Fork Ogden River near Huntsville. 
Table II. Summary of comparison of annual water supply forecast by Method 1 and Method 2. 
Item Mean deviation Dm (1,000 acre-ft) 
Basin Method Jan. 1 Feb. 1 Mar. I 
Logan River I 27.1 25.7 23.9 
above State 2 26.4 23.6 21.8 
Dam 
Weber River 1 25.0 21.7 21.7 
near Oakley 2 23.4 21.2 18.8 
S.F. Ogden I 17.3 15.3 16.9 
River near 2 16.2 13.8 13.6 
Huntsville 
Where 
Apr. 1 
20.3 
15.7 
17.2 
15.4 
14.6 
11.6 
R 
May I Jan. I Feb. 1 Mar. I 
20.4 0.33 0.53 0.53 
13.6 0.35 0.60 0.63 
14.8 0.42 0.56 0.55 
11.8 0.53 0.63 0.68 
14.6 0.26 0.39 0.44 
9.1 0.35 0.58 0.60 
= number of years of record 
= observed annual streamflow in acre-feet 
= forecasted annual streamflow in acre-feet 
Apr. I 
0.70 
0.78 
0.71 
0.80 
0.51 
0.71 
May I 
0.67 
0.85 
0.80 
0.86 
0.50 
0.83 
Dm= = mean annual streamflow over the period of study, in acre-feet. 
n 
R = r~ (Q. - "Q"j2 - ~ (Q. - 'd.)j t i=1 1 i=1 1 1 n ~ (Q. _0)2 
i=1 1 
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Table 12. The regression coefficient for seasonal water supply forecasts, Method 3. 
W:ltcrshcd Forecast a b l b2 b3 b4 bs 
on 
Logml R. above J:II1. I 5.415 -0.899 0.962 0.448 -6.896 
State Dam Feb. I 1.935 0.077 0.562 -0.060 -0.283 
Mar. I -1.651 0.117 0.554 0.054 -0.275 
Apr. I -2.780 0.236 0.097 0.150 0.053 1,409 
May I -0.924 0.405 -0.084 1.992 
Weber R. above Jan. I 7.589 -1.984 1.467 0.217 -9.044 
Oakley Feb. I 2.642 0.313 0.435 0.239 -0.378 
Mar. I 0.687 0.489 0.277 0.203 -0.835 
Apr. I -0.607 0.302 0.309 0.126 1.101 
May I -1.580 0.032 0.397 0.301 0.099 0.842 
S.F. Ogden R. Jan. I" 
above Feb. I -0.520 -1.732 0.643 1.402 0.241 -1.355 
Huntsville Mar. I -9.850 -0.064 0.561 0.661 0.183 
Apr. I -8.740 0.418 0.556 1.593 
May I -5.781 0.377 0.201 0.664 
a There is not appropriate snow data available at this time. Method 2 discussed in the previous subsection may be used before more data become 
available for developing a new method. 
example of these comparisons is shown as Table 13. Table 14 
summarizes the important parameter from these comparisons. 
In subsection ''The influence of deep1!roundwater storage on 
the accuracy of annual water supply forecasts" it was pointed out 
that nearly half of the unexplained squared deviations of Method I 
were caused by inadequately defining the groundwater-effluent. 
Analyses of forecasts by Method 2 indicated that 28 percent of the 
original variation was unexplained. The average correlation coeffi-
cient of Method 3 for forecasts on May I is 0.95. Thus the squared 
deviations that are not explained by this model are only about 10 
percent of the corrected sum of squares. Although direct comparison 
cannot be made between Method 2 and Method 3 because different 
groups of data were used, the consistently smaller mean deviations 
and larger correlation coefficients of Method 3 do suggest that the 
forecast error is appreciably reduced by using snow course data 
instead of the precipitation data in the lower valley. 
The analysis of variance (Table IS) shows that on the basis of 
an a. risk of 0.05, the regression equations are significant for 
forecasts on January I and February I. For forecasts on these earlier 
dates, a larger forecast error must be tolerated because precipitation 
and temperature during the following months are not known at the 
time of forecast. 
Another investigation on the significance of Method 3 was made 
by obtainil'lg the confidence interval of the correlation coefficient R. 
Table 16 shows the intervals which cover the true value of R with a 
probability of 95 percent. 
To examine further the behavior of Method 3, the method for 
the Logan River basin was applied to the period from 1931 to 1935. 
The data during this period were not used in the development of the 
method. Table 17 shows the results of this application and its 
comparison with the observed runoff. AJthough the values of Rand 
of the mean deviation are not highly significant because limited pairs 
of data are in the calculation, the consistently small deviations of the 
forecasts from the observed values imply that the method gives fairly 
accurate forecasts. 
16 
Table 13. Seasonal water supply forecasts by Method 3. 
(Logan River above State Dam, forecast on April I) 
Observed Forecasted Deviation from 
Year runoff runoff the observed value 
(1,000 acre-ft) (1,000 acre-ft) (1,000 acre-ft) 
1936 202.9 196.6 6.3 
1937 122.4 121.3 1.1 
1938 \50.1 134.2 15.9 
1939 95.6 105.1 - 9.5 
1940 80.1 87.4 - 7.3 
1941 70.1 70.7 
- 0.6 
1942 92.9 80.5 12.4 
1943 177.1 186.1 
- 9.0 
1944 100.2 99.6 0.6 
1945 125.9 98.7 27.2 
1946 171.4 162.0 9.4 
1947 131.0 112.8 18.2 
1950 220.5 201.4 19.1 
1951 185.4 187.7 
- 2.4 
1952 175.6 200.2 -24.7 
1953 127.9 123.8 4.1 
1954 93.2 113.8 -20.6 
1955 106.2 110.1 
- 3.7 
1956 161.5 155.6 5.9 
1957 149.2 149.8 - 0.6 
1958 145.8 159.4 -13.6 
1959 109.0 121.6 -12.5 
1960 105.6 112.1 
- 6.5 
1961 67.0 89.3 -22.3 
1962 146.9 145.3 1.7 
1963 110.5 102.0 8.5 
1964 130.2 122.0 8.2 
1965 190.4 190.2 0.1 
1966 108.2 122.3 
-14.2 
1967 157.9 132.4 25.5 
Average 10.4 
Table 14. Comp:lrison of observed se:lson:11 wafer supply :lIId forec:lsf by Method 3. 
Watershed 
Logan R. 
above 
Sfate 0:1111 
Weber R. 
above 
Oakley 
S.F. Ogden 
R. above 
Huntsville 
Where 
II 
14 
II 
J:II1. I 
Dill R n 
17.7 0.80 19 
20.6 0.79 II 
13 
n, Om and R are as those in Table I I 
Forecasf Oil 
Feb. I 
0111 R 
16.1 0.X3 
16.4 0.85 
10.4 0.80 
n values are determined by the data available up to 1967. 
Low flow forecast methods 
The efficient use of water for irrigation, industrial and 
municipal water supply and other purposes requires an adequate low 
flow forecast. In addition to Method 3 discussed above, low flow 
forecast methods were constructed as follows: 
Q 
7 -t/K 
53.33(A) (a + ~ b.X.) + 1. 98 K q (1 - e g).(I7) 
i=l 1 1 g 0 
in which, Q, A, Xi' X2, X3, X 4, Xs, q 0 and t are as defined in the 
previous subsection, X 6 and X 7 are the weighted May and June 
precipitation in inches and the regression coefficients are as shown in 
Table 18. In these methods, May and June precipitation data from 
the lower valley are included because the precipitation data of the 
mountain areas under study were not available for this period. 
However, the data from the selected stations are weighted according 
to the factors shown in Table 6 to better indicate the precipitation 
on the watershed areas. 
The usefulness of the methods are again examined by analyzing 
the variance of the regression equation 
in the method. The result of this analysis is given as Table 19. The 
methods are good predictors on the basis of an a risk of 0.05. Some 
examples of the comparisons between the observed runoff and the 
runoff predicted by the methods are shown as Table 20. The mean 
deviations as the ratio of the observed runoff are 9.4, 10.1 and 12.4 
percent for Logan River, Weber River and South Fork Ogden River 
basins respectively. As the May and the June precipitation data for 
the actual areas become available, it will be desirable that these data 
be included in the methods instead of the lower valley precipitation 
to further improve the methods. 
The forecasts from these methods will be helpful in planning 
and adjusting the allocation of available water for different purposes 
during low flow periods. 
n 
18 
17 
14 
17 
Mar. I 
Dill R 
12.9 0.90 30 10.4 0.94 16 IO.S o.n 
16.5 0.X6 26 14.1 0.115 17 11.5 0.<)4 
14.5 0.80 22 10.7 0.84 15 5.4 0.% 
Table 16. The confidence intervals of the correlation coefficients of 
seasonal water supply forecast, Method 3. 
Logan R. WeberR. 
Forecast above above 
on State Dam Oakley 
L U L U 
January I 0.70 0.95 0.65 0.96 
February I 0.76 0.95 0.72 0.97 
March I 0.83 0.98 0.80 0.96 
April I 0.91 0.98 0.80 0.95 
May I 0.86 0.98 0.89 0.99 
(with a probability of 95%) 
Where 
L denotes the lower limit and 
U denotes the upper limit. 
S.F. Ogden 
R. above 
Huntsville 
L U 
0.68 0.96 
0.69 0.95 
0.78 0.95 
0.91 0.99 
Table 17. A test of the validity of seasonal water supply forecast by 
Method 3. (in 1,000 acre-feet) 
Year Observed Forecast Deviation 
1931 58.2 65.4 - 7.2 
1932 189.2 173.1 16.1 
1933 126.8 141.1 -14.3 
1934 53.9 52.0 1.8 
1935 117.4 106.6 10.8 
Om 10.1 
R2 0.95 
Logan River above State Dam forecast on April 
Where 
Om is the mean deviation from the observed value 
R 2 is the correlation index. 
Table IS. The analysis of variances for seasonal water supply forecast, Method 3. 
Forecast Source 
Watershed on of D.F. 
variance 
S.S. M.S. Fc Py 
Logan R. Jan. I Total 13 108.76 8.37 
above Model 4 67.36 16.84 3.67 0.96 
State Dam Error 9 41.40 4.60 
Feb. I Total 18 171.18 9.51 
Model 4 114.28 28.57 7.06 0.99 
Error 14 56.90 4.06 
Mar. I Total 17 163.30 9.61 
Model 4 128.72 32.18 12.10 0.99 
Error 13 34.58 2.66 
Apr. I Total 29 328.05 11.32 
Model 5 282.45 56.49 29.70 0.99 
Error 24 45.60 1.90 
May I Total 15 99.63 6.64 
Model 3 81.15 27.05 17.90 0.99 
Error 12 18.48 1.54 
WeberR. Jan. I Total 10 206.32 20.63 
above Model 4 121.84 30.46 2.18 0.82 
Oakley Error 6 84.48 14.08 
Feb. I Total 10 206.34 20.63 
Model 4 145.80 36.45 3.62 0.93 
Error 6 60.54 10.09 
Mar. I Total 16 313.20 19.58 
Model 4 218.16 54.54 6.92 0.99 
Error 12 95.04 7.92 
Apr. I Total 25 355.50 14.22 
Model 4 277.44 56.86 9.35 0.99 
Error 21 128.10 6.10 
May I Total 16 296.84 18.55 
Model 5 261. 75 52.35 16.40 0.99 
Error II 35.09 3.19 
S.P.Ogden Feb. I Total 12 99.24 8.27 
R. above Model 5 61.85 12.37 2.33 0.85 
Huntsville Error 7 37.38 5.34 
Mar. I Total 13 147.51 11.34 
Model 4 94.32 23.58 4.00 0.97 
Error 9 53.19 5.91 
Apr. I Total 21 207.72 9.89 
Model 3 138.96 46.32 12.10 0.99 
Error 18 68.76 3.82 
May I Total 14 90.72 6.48 
Model 3 81.90 27.30 33.80 0.99 
Error II 8.80 0.80 
Where 
D.F. = degree of freedom 
S.S. = sum of square 
M.S. = mean square 
Fe = calculated F-ratio and 
p. =P{F,:SFc } 
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Table 18. The regression coefficients of the low flow forecast methods. 
Watershed Forecast a b l b2 b3 b4 bs b6 h7 
on 
--~ .. ----.---'---.~'----
Logan R. above Jun. I -0.4351 0.2675 -0.0968 0.4673 0.8173 
State Dam Jui. I 0.2031 0.0383 -0.0315 0.2702 0.2083 0.3817 
Weber R. above Jun. I -3.1730 0.1860 0.1614 0.1365 -0.0115 -0.1601 1.7600 
Oakley Jui. I -0.7492 0.1018 0.0184 0.0562 -0.0122 0.0064 0.5257 0.0504 
S.F. Ogden R. Jun. I -1.6415 -0.0489 0.0848 0.0179 0.1373 0.4035 
above Jui. I 0.1876 -0.0054 0.0012 -0.0045 0.0676 0.0246 0.0901 
Huntsville 
Table 19. Analysis of variance for the low flow forecast methods. 
Forecast Source 
Watershed on of D.F. S.S. M.S. Fe Pv R 
variance 
Logan R. Jun. I Total 15 64.680 4.312 
above State Model 4 53.394 13.348 13.00 0.99 0.91 
Dam Error II 11.286 1.026 
Jui. I Total IS 13.500 0.900 
Model 5 12.245 2.449 18.90 0.99 0.96 
Error 10 1.250 0.125 
Weber R. Jun. I Total 16 235.968 14.748 
above Model 6 215.586 35.931 17.60 0.99 0.96 
Oakley Error 10 20.380 2.038 
Jui. I Total 16 36.784 2.299 
Model 7 28.189 4.027 4.26 0.96 0.88 
Error 9 8.595 0.955 
S.F. Ogden Jun. I Total 13 10.348 0.796 
R. above Model 5 8.815 1.763 9.20 0.99 0.93 
Huntsville Error 8 1.534 0.192 
Jui. I Total 13 0.871 0.067 
Model 6 0.840 0.140 28.00 0.99 0.98 
Error 7 0.031 0.005 
Where 
D.F., S.S., M.S., Fe and P are as those in Table 15 and R is the correlation coefficient. 
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Table 20. Comparison of the observed and the forecasted low flow. for forec:L~t on June I. 
Logan R. above State Dam Weber R. above Oakley S.F. Ogden R. above Iluntsville 
Year (1,000 acre-ft) 
Observed Forecasted Deviation Observed 
1951 104.1 101.0 3.1 90.1 
1952 107.5 
1953 92.2 86.1 6.1 90.2 
1954 50.2 49.8 0.5 33.6 
1955 66.3 68.9 - 2.6 51.9 
1956 87.4 88.5 -1.1 74.6 
1957 102.1 11 1.2 - 9.1 118.0 
1958 83.4 102.4 -19.0 51.5 
1959 68.4 77.8 - 9.4 60.5 
1960 57.0 44.9 12.1 45.9 
1961 39.2 41.3 - 2.1 24.5 
1962 77.3- 79.2 - 1.9 89.5 
1963 66.6 74.3 - 7.7 61.8 
1964 88.8 74.7 14.1 87.5 
1965 129.9 110.0 19.9 138.9 
1966 54.6 64.4 - 9.9 42.2 
1967 112.8 107.3 5.5 125.3 
Om 7.7 
R2 0.83 
Where 
Om is the mean deviation from the observed value and 
R 2 is the correlation index. 
SUMMARY AND CONCLUSIONS 
By handling the portion of total streamflow due to 
groundwater-effluent in a more fundamental manner than the usual 
statistical approach used in developing current streamflow fore-
casting methods, a substantially better forecasting method has been 
developed. There still remains nearly 30 percent squared deviation 
between these improved forecasts and the actual observed volumes of 
annual flow. Most of this remaining sum of squared deviations is 
believed to be attributable to inadequate modeling of the surface and 
shallow subsurface flows. A further research effort to improve the 
methodology for forecasting this latter portion of the total stream-
flow is needed. Such an investigation could, no doubt, further 
improve the accuracy of forecast. 
Additional work is needed to extend the separation techniques 
employed in this study to a number of additional streams to improve 
the forecasting techniques for them. Such an extension would 
provide data to study functional relationships between such quantity 
as groundwater storage capacity and the physical features of the 
watershed such as geology, topography, drainage density, etc. 
( 1.000 acre-ft) (1.000 acre-f!) 
Forecasted Deviation Observed Forecasted Deviation 
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82.4 7.7 
109.2 - 1,7 24.9 25.5 -0.6 
81.0 9.2 26.9 22.7 4.2 
41.0 7.4 10.8 10.4 0.4 
55.8 - 3.9 14.6 15.3 -0.7 
83.0 - 8.4 15.7 18.9 -3.2 
134.3 -16.3 26.8 28.0 -1.2 
68.3 -16.8 13.6 17.1 ·3.5 
65.5 - 5.0 11.1 12.6 -1.5 
34.6 11.3 9.9 9.0 0.9 
24.1 0.4 6.7 4.5 2.1 
82.0 7.4 6.7 11.1 -4.5 
64.0 - 2.2 13.3 13.1 0.2 
93.2 - 5.7 22.7 20.3 2.4 
118.7 20.2 27.9 24.2 3.7 
38.4 3.9 
120.0 5.3 
7.8 2.0 
0.91 0.88 
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APPENDIX 
Source of Climatological Data Used in Analyses 
Station Period 
Item Name No. From To 
Precipita tion City Creek Water Plant 421446 1919 1962 
Coalville 421588 1919 1962 
Heber 423809 1919 1962 
Laketown 424856 1919 1962 
. Logan, USU 425186 1919 1962 
Moon Lake 425815 1919 1962 
Morgan 425826 1919 1962 
Mountain Dell Dam 425892 1919 1962 
Ogden Pioneer PH 426404 1919 1962 
Pine View Dam 426869 1919 1962 
Richmond 427271 1919 1962 
Silver Lake 427846 1919 1962 
Snake Creek PH 427909 1919 1962 
Montepelier R.S. Ida. 106053 1919 1962 
Border 3N. Wyo. 480915 1919 1962 
Snow Course Beaver Creek-Skunk Creek I1H14 1952 1967 
Chalk Creek No. 1 1111 1951 1967 
Dry Break Pond 11K8 1943 1967 
Franklin Basin I1G8 1927 1967 
Garden City Summit I1H7 1927 1967 
Sagebrush Flat I1H15 1953 1967 
Smith & Morehouse 1114 1929 1967 
Tony Grove R.S. I1H3 1931 1967 
Trial Lake 10J8 1931 1967 
Tern perature Laketown 424856 1923 1967 
Silver Lake 427846 1923 1967 
Precipitation data are used in the analysis of water supply forecast Method 1 
and Method 2. 
Snow course and temperature data are used in water supply forecast Method 3. 
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